We present the results of an investigation of Rh films on Ag(100). The films are studied using Auger-electron spectroscopy, low-energy electron diffraction, x-ray photoelectron spectroscopy, ultraviolet photoemission spectroscopy, ion-scattering spectroscopy, and scanning Auger microscopy. Overlayer characteristics are examined at substrate temperatures of 300 and 600 K. We find that the equilibrium configuration is not predicted by any of the three traditional growth modes (Frank-Van der Merwe, Stranski-Krastanov, or Volmer-Weber). Rather, the equilibrium film structure is that of a Ag-Rh-Ag sandwich, most probably flat. Formation of the sandwich is thermodynamically driven by the difference in surface free energies between Ag and Rh, and is kinetically accessible because of the high mobility of the Ag atoms.
INTRODUCTION
In recent years there has been a tremendous increase in the number of investigations of metal-on-metal systems. Interests have ranged from fundamental studies of epitaxy to catalytic studies of bimetallics (e.g. , Refs. 1 -3).
In most studies the motivation has been to determine the inAuence of the substrate on the properties of the overlayer film. To fully understand these substrate-overlayer interactions one must first know the structure of the overlayer film. Therefore, many efforts have focussed on overlayer growth and the way in which electronic properties depend on the structure of the overlayer.
Most metal-on-metal studies are approached with the expectation that the film will grow in one of the three classical modes: sequential filling of layers (Frank -van der Merwe mode); agglomeration into three-dimensional crystallites (Volmer-Weber mode); or growth of one or more layers followed by agglomeration (StranskiKrastanov mode). The equilibrium growth mode in these systems is thought to reAect a balance between three thermodynamic factors: the surface free energy of the film yf the surface free energy of the substrate y"and the interfacial energy y, -. It is often beneficial to have ordered layer growth, e.g. , layer growth is desired when studying the electronic states of metal overlayers because this makes it possible to model the substrate-overlayer system. For this reason, as well as for practical reasons of ease of preparation, substrate-overlayer combinations are often chosen such that yf~y, . However, recent in- arisen. ' '"
EXPERIMENT
The experiments are performed in three separate ultrahigh-vacuum systems. One chamber is equipped for ultraviolet photoemission spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS), and ion-scattering spectroscopy (ISS). A second chamber is equipped for thermal-desorption spectroscopy (TDS) . Both of these systems have base pressures~2X10 ' Torr and are equipped with optics for low-energy electron diffraction (LEED) and Auger-electron spectroscopy (AES), shuttered Rh evaporators, and provisions for CO exposure. The sample manipulators allow for resistive heating, from +0.5, and polished by standard metallurgical procedures. Sulfur is the only bulk contaminant observable by AES and is removed by repeated argon-ion bombardment at 500 eV ( =2 pA/cm ) and annealing to 800 K.
The surface region is determined to be free of sulfur when prolonged heating (1 -2 h) at 800 K results in a sulfur signal which is undetectable with AES. After annealing at 800 K, LEED shows the characteristic (1 X 1) pattern. The absence of such a form in Fig. 1 The TDS data are illustrated in Fig. 4 . In these measurements the sample is exposed to 20 I. CO Fig. 6 . These spectra are taken with an aperature (12') double-pass cylindrical minor analyzer (CMA) (with appropriate potentials reversed), the ions are scattered through an angle of 150'. The ions are incident on the surface at an angle of 72' with respect to the surface normal. For clean Ag(100), the scattered He ions have an energy of 850 eV, as seen in Fig. 6 (a). After deposition of about three layers of Rh, the spectrum of Fig. 6(b) is acquired. The scattering from Rh also occurs at 850 eV due to the poor energy resolution of He for high-mass atoms. The reduction in scattered intensity is believed to result from some disorder in the film surface, as indicated also by LEED measurements, and/or attenuation from gas adsorption rather than a large difference in scattering coefficients or neutralization efficiencies. When this surface is exposed to CO, the peak at 850 eV disappears as shown in Fig. 6(c) . The peak at 380 eV in this spectrum is a result of He scattering from the oxygen of the adsorbed CO molecules. The ISS spectrum after annealing to 600 K is shown in Fig. 6(d) . It is clear that there is a large recovery of the peak at 850 eV. Dosing again with 20 L of CO and repeating the scattering experiment has no effect on the peak height, indicating that all the Rh sites have been completely covered with Ag. This is also suggested independently from the absolute peak intensities of ISS can be used to study this phenomenon as well, by exploiting the ability to mask ion scattering from the surface Rh atoms using adsorbed CO. This is accomplished by saturating a fresh Rh deposit with CO, and then monitoring the intensity of the He ion-scattering peak at 850 eV as a function of temperature. The result of this experiment is shown in Fig. 8 9, 400 K, is identical within experimental error to the temperature at which the ion scattering intensity first increases, and the peak temperature corresponds to the inAection point of the ISS curve of Fig. 8 . Combining the AES, ISS, and TDS data allows us to conclude that the desorption of CO is not a simple unassisted event, but rather CO is being displaced by diffusing Ag. These observations explain the low temperature at which the CO desorption peak maximum occurs, 30 -100 K lower than for the surfaces of bulk Rh.
The temperature of CO desorption shifts upward as Rh coverage increases in Fig. 9 . Both the desorption onsets and the desorption peak maxima move to higher temperatures. The TDS measurements reveal that these increases must reAect an increase in kinetic limitations for diffusion by Ag, in the case of the thicker film. This suggests that the mechanism for Ag diffusion is somewhat different at low-Rh converges than at higher-Rh coverages. A reasonable scenario is one in which bare patches of silver are exposed at low-Rh coverages, so the migration of Ag to the Rh surface involves simple lateral migration. However, at higher-Rh coverages the Ag must break through a more contiguous Rh film, and this is more difficult. This mechanism is illustrated schematically in Fig. 10 . Auxiliary measurements, obtained by transferring the sample to a scanning Auger microscope (SAM), lend support to the diffusion mechanism described in Fig. 10 Fig. 11 . Figure   11 (a) is a micrograph of the carbon-and sulfurcontaminated surface while it is held at 380 K. No changes in surface composition are evident even after several hours at this temperature. When the surface is lightly ion etched to remove the contamination, Ag spreads almost immediately out onto the surface. This is evident in Fig. 11(b) , which is taken in the first 60 sec after turning the ion beam off. The sample temperature is maintained constantly at 380 K. The diffusing Ag shows up as light spots on the darker Rh background. The changes are even more pronounced in Fig. 11(c Fig. 11(d) , shows that the size of Ag islands are mostly uniform, except for a few larger patches. The larger Ag islands could result from faster diffusion through larger defects or possibly through thinner areas of the film. The firm conclusion that we can reach, however, is that the Ag appears to spread outward from randomly distributed, point sources, rather than emerging uniformly across the surface. Some insight into the structure of the Rh films, and the way in which this structure depends upon temperature, is provided by XPS. These data are shown in Fig. 12 Figure 13 shows the results of these profiles for films about three layers thick. There is obviously little difference between the profile of the film heated to 600 K, Fig. 13(b) , or that of the film deposited at 600 K, Fig. 13(c) Cu/Au.
The data of Fig. 14 show that the spectra for Rh/Ag are just a superposition of the bulk Rh and Ag dband spectra, both before and after annealing. This data is not to be taken as unequivocal evidence against alloy formation since alloying may result in only small changes in the density of states, especially for dilute alloys, and may not be observable in these spectra.
Another question about the structure of the film is whether any Ag is present at the surface following Rh deposition at 300 K, i.e. , before any annealing. None of the data presented until now would be sensitive to small amounts of Ag at the surface under these conditions, including the ISS. In Fig. 13(a) , however, the profile of the unannealed Rh film shows an initial decrease in the Ag intensity, indicating some small surface enrichment in Ag. This shows that even at room temperature, Ag has enough mobility to diffuse (slowly) onto the top of the Rh. However, the rate at which the Rh film is grown and the moderate temperature of the substrate serve to kinetically limit the diffusion process, and the equilibrium configuration is only reached on a reasonable time scale after annealing the system.
A final question about the nature of the film is, what is its three-dimensional structure? Is it largely smooth, or does the Rh form three-dimensional crystallites? The best available answer to this question is given by the AES data shown in Fig. 15 . As mentioned earlier, the t(Rh)/t(Ag) Auger intensity ratio for an annealed film of = 16 layers is 0.1. This same ratio is obtained for all films thicker than two to three layers, whether they are annealed to 600 K after deposition, or grown at 600 K. This is evident in the data of Fig. 15 There exists a more plausible explanation for the development of the Ag-Rh-Ag sandwich, as illustrated previously in Fig. 10 . The migration of Ag at low-Rh coverages may involve simple lateral migration of Ag atoms from bare patches of the substrate. This is easy to envision. However, at higher-Rh coverages the Ag must break through a more contiguous Rh film. For these higher-Rh coverages it is possible that Ag arrives at the surface via diffusion through defects which may exist in the overlayer. We know that the film is disordered when deposited at 300 K and annealing restores a LEED pattern. However, the LEED pattern is diffuse, possibly from a large population of defects. We also know from the depth profile of Fig. 8(a need not be invoked. We believe that this is the case for the Rh/Ag(100) system which leads to the formation of a Ag-Rh-Ag sandwich structure. The essential feature in this system is the substrate atom mobility. Growth in this manner may be typical for immiscible systems and those with limited solubility which also possess large differences in surface free energies, the extent of substrate diffusion being governed by the magnitude of these energy differences and solubilities.
